capping protein while supporting filament elongation.
. In mature lamellipodia, the high filament density made it impossi- transformation method, recently used to evaluate the lamellipodia of cells engaged in normal translocation (Maly and Borisy, 2001 ). This method uses a computer by washout (data not shown), suggesting that this effect algorithm to extract the angles at which actin filaments is not specific for sodium azide treatment.
within lamellipodia approach the plasma membrane We reasoned that Ena/VASP-dependent changes in ("angle of incidence"). A value of 0Њ indicates that the lamellipodial behavior result from altered organization filament runs in the direction of protrusion. Quantificaof the underlying actin network. We examined the supration by this approach confirmed that FPPPP-CAAX cells molecular organization of the actin filament network in had significantly more filaments with greater angles of nascent and mature lamellipodia by platinum replica elecincidence than control cells, while FPPPP-Mito cells had tron microscopy. Striking differences were observed 1 more filaments with smaller angles of incidence than min after recovery from ATP depletion. assay. Protein-coated beads were mixed with actin fila-FPPPP/VASP beads was detectable ( Figure 7G ). Once bound to VASP beads, however, uncapped filaments ments containing fluorescently-labeled actin monomers (4 M). To prevent dilution-induced depolymerization could not be competed off with soluble capping protein (data not shown). To ensure that capping did not depolyduring washing, actin filaments were stabilized with phalloidin. Similar results were obtained without phalloimerize or otherwise affect the phalloidin-stabilized filaments, we used poly-L-lysine-coated beads as a posidin stabilization, but these experiments were difficult to document due to high background of fluorescence from tive control. The highly charged surface of these beads captures fluorescent actin filaments nonspecifically unattached filaments and unpolymerized monomers (data not shown). Washed bead/filament complexes (Brown and Spudich, 1979). Filament capture was unaffected by preincubating the filaments with 100 nM capwere examined by fluorescence microscopy.
Beads were coated with a fusion protein containing ping protein ( Figures 7E and 7F ), indicating that capped filaments were stable under our experimental condithe FPPPP repeats from ActA. When mixed with fluorescent actin filaments, these FPPPP-alone beads failed to tions. From these data we conclude that Ena/VASP proteins likely bind actin filaments directly at or near their capture filaments ( Figure 7A ). In contrast, FPPPP beads coated with purified, recombinant VASP (bound to the barbed ends.
beads via FPPPP-EVH1 interactions) recruited a high density of actin filaments under the same conditions
Functional Antagonism between Ena/VASP and Capping Proteins In Vitro ( Figure 7B ). To determine whether the interaction between VASP and actin required free barbed ends, actin
We speculated that Ena/VASP proteins promote filament elongation by interacting with free barbed ends of filaments were preincubated with either 100 nM or 10 nM purified capping protein (CapZ). Virtually no capture actin filaments, thereby protecting them from capping protein.
To test this hypothesis, we examined the effects of capped filaments by FPPPP/VASP beads was observed ( Figures 7C and 7D) . Furthermore, in the absence of purified VASP on the ability of capping protein to inhibit actin polymerization at barbed ends. Spectrin-F of F actin, no binding of free CapZ (100 nM) to the actin seeds were used to nucleate polymerization so that filament elongation occurred from barbed ends. We utilized physiological salt concentrations in the assay (100 mM KCl) because these conditions prevent the VASP-dependent nucleation that can be observed in low salt (Huttelmaier et al., 1999) . Using these conditions, no effects on elongation kinetics or actin filament nucleation were observed when VASP was added alone (data not shown). Capping protein (CapZ, 5 nM) strongly inhibited elongation (Line labeled "0" in Figure 7H ). VASP antagonized the inhibitory effect of capping protein in a dose-dependent manner ( Figure 7H) . Therefore, Ena/ VASP proteins protect actin filaments from the capping activity of capping protein, resulting in increased filament elongation. dynamics, and filament orientation.
Localization of Ena/VASP Proteins Relationship between Lamellipodial Architecture and Protrusive Behavior to the Leading Edge
In the absence of Ena/VASP proteins, lamellipodia proLocalization of Ena/VASP proteins to the leading edge truded more slowly but persisted significantly longer involves a combination of both the EVH1 and EVH2 dothan in control cells. In contrast, in cells containing an mains. While the EVH1 domain alone was sufficient to excess of Ena/VASP proteins at the leading edge, lameltarget GFP to the leading edge, this targeting was not lipodial protrusions were faster than in control cells but as robust as the full-length protein and was insensitive appeared to be transient and rapidly converted into rufto CD treatment (data not shown). The EVH1 domain fles. The differences in protrusive behavior correlated interacts directly with FPPPP-containing proteins. In the with changes in lamellipodial architecture. Within lamelpresence of saturating amounts of a cytoplasmic FPPPP lipodia, Ena/VASP proteins increased filament lengths, construct, Ena/VASP proteins were fully displaced from decreased branching density, and increased angles of focal adhesions, but leading edge targeting was indistinincidence. Our results indicate that changes in network guishable from controls (Bear et al., 2000) . Importantly, geometry alone were sufficient to account for the effect cells expressing the cytoplasmic FPPPP construct exof Ena/VASP proteins on lamellipodial dynamics. How hibited normal translocation speeds, confirming that the might network geometry be related to protrusive behavremaining leading edge pool of Ena/VASP proteins was ior? Mogilner and Oster proposed an "elastic Brownian functional, and excluded a role for the focal adhesion ratchet" model for lamellipodial protrusion that considpool of Ena/VASP proteins in this type of motility assay.
ers the length and flexibility of actin filaments (Mogilner The EVH2 domain also plays a critical role in leading and Oster, 1996). Transient bending of filaments away edge targeting. Deletion of the F actin binding motif from the membrane in the course of thermal fluctuations greatly reduced leading edge targeting but did not affect permits monomer incorporation at the barbed end, and focal adhesion targeting. The EVH2 domain alone localthe subsequent restoring force of the bent filament ized to the F actin-rich network within lamellipodia. Undrives membrane protrusion. This model predicts that like full-length Ena/VASP proteins, the EVH2 domain maximum protrusive force is generated by filaments that did not become enriched at the leading edge and was have an optimal length of their terminal segment and undetectable in focal adhesions in Ena/VASP-deficient approach the membrane at an optimal angle. Short filacells. We propose that leading edge targeting of fullments are relatively stiff and less able to bend away length Ena/VASP proteins requires both the EVH1 and from the membrane to elongate with new subunits. Long EVH2 domains. The EVH1 domain may act to limit tarfilaments can readily bend and elongate but are not stiff geting of the EVH2 domain to the very leading edge of enough to push effectively against the membrane. They the lamellipodium. It is important to point out that differwill consequently tend to grow and align parallel to the ent results were observed when the isolated EVH2 doedge. Another factor relevant to lamellipodial dynamics is adhesion to the substratum. We considered whether of Ena/VASP proteins are less polarized than control
